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Crystal Structure of 3,4-Dihydroxy-2-Butanone
4-Phosphate Synthase of Riboflavin Biosynthesis
microorganisms, consists of seven distinct enzyme-cat-
alyzed reactions, with GTP and ribulose 5-phosphate
serving as the ultimate, non-committed precursors (Fig-
Der-Ing Liao,*§ Joseph C. Calabrese,*
Zdzislaw Wawrzak,† Paul V. Viitanen,*
and Douglas B. Jordan‡§
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formate [2–9]. In the other branch of the pathway, fourArgonne, Illinios 60439
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zyme of riboflavin biosynthesis, catalyzes the condensa-Wilmington, Delaware 19880
tion of DHBP with RAADP to yield orthophosphate and
6,7-dimethyl-8-(19-D-ribityl)-lumazine (DMRL), the im-
mediate precursor of riboflavin [10–13]. The terminalSummary
step of riboflavin biosynthesis is mediated by riboflavin
synthase, which catalyzes the dismutation of two mole-Background: 3,4-Dihydroxy-2-butanone-4-phosphate
cules of DMRL to yield riboflavin and RAADP [14–16].synthase catalyzes a commitment step in the biosynthe-
Two equivalents of DHBP are incorporated into ribofla-sis of riboflavin. On the enzyme, ribulose 5-phosphate
vin for every one of RAADP.is converted to 3,4-dihydroxy-2-butanone 4-phosphate
DS and the other enzymes of the riboflavin biosyn-and formate in steps involving enolization, ketonization,
thetic pathway are attractive targets for antibiotic dis-dehydration, skeleton rearrangement, and formate elim-
covery efforts because humans are auxotrophic for ribo-ination. The enzyme is absent in humans and an attrac-
flavin (vitamin B2) and obtain the substance throughtive target for the discovery of antimicrobials for patho-
nutrition, whereas many human pathogens, particularlygens incapable of acquiring sufficient riboflavin from
Gram negative bacteria and certain fungi, lack the ca-their hosts. The homodimer of 23 kDa subunits requires
pacity to obtain sufficient riboflavin from their host envi-Mg21 for activity.
ronment and must biosynthesize it. X-ray structures of
LS have been determined for three sources (bacterial,Results: The first three-dimensional structure of the en-
plant, and fungal) [17–20] and they have been useful inzyme was determined at 1.4 A˚ resolution using the multi-
the design of inhibitors [21, 22]. Until now, the three-wavelength anomalous diffraction (MAD) method on
dimensional structure of DS has not been determined.
Escherichia coli protein crystals containing gold. The
In the seminal work of Volk and Bacher that revealed
protein consists of an a 1 b fold having a complex
the DS-catalyzed reaction, the authors proposed a reac-
linkage of b strands. Intersubunit contacts are mediated tion path for DS that adheres to the results of their
by numerous hydrophobic interactions and three hydro- experiments using labeled substrates (Figure 2) [2–4].
gen bond networks. The proposed course of the enzyme-catalyzed reaction
involves enolization, ketonization, dehydration, skeleton
Conclusions: A proposed active site was identified on rearrangement, and elimination steps, generating the
the basis of amino acid residues that are conserved view that the enzyme employs general acid and general
among the enzyme from 19 species. There are two well- base groups with a required metal cofactor to promote
separated active sites per dimer, each of which com- the formation of products. The skeletal rearrangement
prise residues from both subunits. In addition to three step is analogous to those in the reactions catalyzed
arginines and two threonines, which may be used for by ketol-acid reductoisomerase [23–26] and 1-deoxy-
recognizing the phosphate group of the substrate, the D-xylulose-5-phosphate reductoisomerase [27, 28]. The
active site consists of three glutamates, two aspartates, structure of the E. coli DS, reported here, will contribute
two histidines, and a cysteine which may provide the to a better understanding of the chemical mechanisms
means for general acid and base catalysis and for coor- directed by the catalyst and to a basis for designing
dinating the Mg21 cofactor within the active site. poisons that inhibit its catalytic function in pathogens.
Introduction Results and Discussion
Enzyme cofactors derived from riboflavin are essential The three-dimensional crystal structure of DS was deter-
for life. Riboflavin biosynthesis, found only in plants and mined at 2.4 A˚ resolution by the multiwavelength anoma-
Key words: dihydroxybutanone phosphate synthase; riboflavin bio-§ To whom correspondence should be addressed (e-mail: doug.b.
jordan@dupontpharma.com [D. B. J.]; der-ing.liao@usa.dupont.com synthesis; skeletal rearrangement; antimicrobial target; structure-
based design[D.-I. L.]).
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Figure 2. A Proposed Reaction Mechanism for the DS-Catalyzed
Reaction [4]
(b4) is very short and distorted. Connectivity of the mixed
b sheet is complex and rather unusual (Figure 3c). It
contains three crossovers connecting the C-terminal
end of b2 to the N-terminal end of b3, the C-terminal end
of b3 to the N-terminal end of b4, and the C-terminal
end of b7 to the N-terminal end of b8. Each of the cross-
overs has a single a helix of two or three turns and two
tight turns of two to four residues, the latter of which
connects the a helix to the b strands. The three helices
of the crossovers are packed on the same side of theFigure 1. Biosynthesis of Riboflavin
b sheet. The C-terminal end of b4 and the N-terminalDS, dihydroxybutanone phosphate synthase. LS, lumazine syn-
thase. RS, riboflavin synthase. end of b5 are connected by a small V shaped loop (V1)
of 11 residues (83–93) that has no secondary structure.
The V1 loops of the two monomers have relatively high
lous diffraction (MAD) method using crystals soaked in temperature factors (34.9 A˚2 and 48.7 A˚2 for the loops
Au(CN)2 (Table 1). There are two gold atoms per asym- of molecules A and B, respectively) in comparison to the
metric unit (see Materials and Methods).The model was average B factors (17.1 A˚2 and 20.5 A˚2 for the molecules A
refined to 1.55 A˚ resolution (Table 2). A data set for the and B, respectively). As well, the V1 loops do not con-
native enzyme was refined to 1.4 A˚ resolution with a form to the noncrystallographic, 2-fold symmetry of the
crystallographic R factor of 18.0% and a Rfree [29] of rest of the structure. The C-terminal end of b5 and the
22.1%. There was no electron density for formate (a N-terminal end of b6 are linked by an a-shaped loop of
product of the DS-catalyzed reaction) in either structure, 35 residues (101–135) that contains a four-turn a helix
even though the formate concentration was 3 or 6 M (residues 111–122) in the middle of the loop followed by
in the crystallization media. As there is no additional a 310 helix (129–131). The loop that connects the C-ter-
information of structural significance found in the model minal end of b6 to the N-terminal end of b7 is also V
derived from the gold derivative, the higher resolution shaped (V2) with 28 residues (143–170). V2 contains a 310
structure of the native enzyme will be discussed below. helix (147–150) followed by a three-turn a helix (residues
The asymmetric unit contains two monomers related by 154–164). The red circle of Figure 3c shows the topologi-
a noncrystallographic, 2-fold symmetry. The homodimer cal position of a conserved cluster of acidic residues
observed in the crystal structure is the form of the en- (Glu-40, Asp-42, Glu-174) which is likely a binding site
zyme found in solution [8]. The DS gene encodes 217 for Mg21, the divalent cation required for catalysis (see
amino acids. The model includes residues 5–213, except Sequence Comparisons and Location of the Active Site).
for 34–37 in one monomer (molecule A) and residues The loop (residues 34–39), connecting the adjacent b1
4–217, except for 34–38 in the other monomer (mole- and b2 strands next to the proposed cation binding site,
cule B). is disordered and cannot be seen in the electron density
map. This loop contains two of the conserved residues
(Arg-37 and Glu-38) that may have catalytic roles (seeThe Overall Structure
The homodimeric DS is a a 1 b protein with the N and Sequence Comparisons and Location of the Active Site).
C termini of each monomer on the far ends of the dimer,
away from the dimer interface (Figure 3a). Each mono- Sequence Comparisons and Location
of the Active Sitemer consists of 10 helices on either side of the central
eight-stranded mixed b sheet which twists nearly 1808 A comparison of DS amino acid sequences from 19
species indicates that 22 residues are strictly conservedfrom end to end (Figures 3b, 3c). The leftmost strand
Dihydroxybutanone Phosphate Synthase
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Table 1. MAD Data Statistics for the Gold Derivative
Rcullis RKraut Phasing power
Wavelength (A˚) Isomorphous/anomalous Isomorphous/anomalous Isomorphous/anomalous
1.05760 - - - - - - - -/0.811 0.012/0.022 - - - - - - - -/2.10
1.04005 0.536/0.600 0.015/0.027 2.67/2.65
1.03856 0.748/0.510 0.038/0.028 1.14/4.12
1.03979 0.984/0.537 0.023/0.024 2.55/3.50
1.02270 0.645/- - - - - - - 0.011/- - - - - - - 0.498/- - - - - - -
Overall figure of merit is 0.673
Rcullis 5 ,phase-integrated lack of closure./,jFph 2 Fpj.. Rkraut 5 ,phase-integrated lack of closure./,jFphj.. Phasing power 5 ,[jFh(calc)j/
phase-integrated lack of closure]..
and that the residues are dispersed throughout the pri- tion site for Mg21 cofactor(s). The three other acidic
residues appear to be either too far away for directmary structure of the E. coli enzyme (Table 3). In three
dimensions, however, the conserved residues are local- participation in catalysis (Asp-33), involved in stabilizing
the side chain of Arg-150 (Glu-155), or belong to theized on one side of the monomer being near or within
the dimer interface (Figure 4). The conserved residues disordered loop (Glu-38).
Catalysis of enolization and dehydration steps is likelymay be grouped into those with structural roles and
those with potential roles in the catalytic cycle. A sum- mediated by amino acid side chains that function as a
general acid/base. There are two conserved histidinemary of the locations of the strictly conserved residues
in the three dimensional structure as well as their in- residues: His-153 has van der Waals contacts with the
cluster of acidic residues of the same monomer andferred roles are listed in Table 3. Among the conserved
residues with clear structural roles are five glycines His-136 comes from the adjacent monomer of the dimer
and forms a water-mediated H bond with the side chainwhich are needed for torsion angles and/or size require-
ments. The cis proline (Pro-134) is required for making of Glu-174 of the acidic cluster. The proximity of the
two histidine residues to the cluster of acidic residuesthe cross of the a loop. Ser-110 is needed for a helix
stabilization. The side chain Ala-111 can be no larger suggests that one or both of them is involved in catalysis,
likely serving as general acid/base. The thiol of Cys-67or smaller for stabilizing the dimer interface with hy-
drophobic interactions. is another candidate for participation in catalysis as a
general acid/base. The side chain resides 6 A˚ away fromThe remaining 14 conserved residues are candidates
for participation in catalysis. By analogy to the active site the cluster of acidic residues. Cys-67 is likely the residue
that is modified, resulting in the loss of catalytic activity,of ketol-acid reductoisomerase [25, 26], it is expected to
find some acidic residues for chelation of the divalent by the numerous, thiol-reactive compounds found in
high throughput screening of the enzyme (D. Jordan,metal cofactor. The active site of ketol-acid reductoi-
somerase has five acidic residues, four of which interact unpublished data). The solvent-accessible surface area
of the thiol group is much greater for Cys-67 (9.7 A˚2 anddirectly or indirectly (through a water molecule) with
its two divalent metal ions. Among the conserved DS 8.5 A˚2 for molecules A and B, respectively) than that of
the other Cys residues of DS (for both molecules A andresidues there are seven acidic residues, which may
suggest that more than one Mg21 cofactor is required B: Cys-69, 0 A˚2; Cys-173, 0 A˚2; and Cys-188, 0.4 A˚2).
Monophosphate groups of substrates are frequentlyfor catalysis. Three of these (Glu-40, Asp-42, and Glu-
174) form a cluster of side chains and are likely a chela- recognized by enzymes with the side chains of Arg and
Table 2. Data Collection and Refinement
Au derivative Native
Wavelength (A˚) 1.02270 0.93218
Space group P31 P31
Cell dimensions a 5 b, c (A˚) 78.22, 69.88 78.19, 69.62
Resolution (A˚) 1.55 1.40
Highest resolution shell (A˚) 1.58–1.55 1.42–1.40
No. of observed reflections 486,817 1,025,357
No. of unique reflections 72,930 93,842
Completeness (%) 100 (100) 100 (100)
Rsym (%) 7.5 (32.0) 5.7 (19.4)
I/s(I) 26.8 (6.5) 45.7 (10.9)
Rwork/Rfree (%) 18.5/23.1 18.0/22.1
No. of water molecules 299 437
No. of Cs or Au atoms 2 gold atoms 4 Cs atoms with 50% occupancy
Rms deviations from ideality
Bond lengths (A˚)/Bond angles (8) 0.017/2.63 0.018/2.79
Numbers in parentheses are the statistics for the highest resolution shell. Rsym 5 Shkl(SnjI(hkl,n) 2 ,I(hkl).j)/Sall observation I, where n is the number
of observations for each unique reflection. Rwork 5 (ShkljjFobs(hkl)j 2 jFcal(hkl)jj)/ShkljFobs(hkl)j using 90% of the data with 2 s(F) cutoff in the
refinement. Rfree is calculated using the above formula and using 10% of the data with 2 s(F) cutoff and not used in refinement.
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Figure 3. The Structure of Dihydroxybutanone Phosphate Synthase
(a) A ribbons presentation of the DS dimer. The figure was generated
using RIBBONS [38].
(b) Stereo view of the Ca trace of the DS monomer. Every tenth
residue is labeled. The figure was generated using RIBBONS [38].
(c) Secondary structure elements of DS. The connectivity of the b
strands, a helices (cyan circles) and 310 helices (yellow circles) are
shown. The starting and ending residues for each b strand are as
follows: b1, 27–32; b2, 40–46; b3, 65–69; b4, 80–82; b5,94–100; b6,
134–142; b7, 171–174; b8, 197–201. The dotted line indicates the
disordered residues. The red circle is the position of the cluster of
acidic residues.
Ser or Thr residues. DS has three conserved Arg resi- A view of the proposed active site of DS is shown in
Figure 5. The surface electrostatic potential in the regiondues, two Thr, and one Ser. Two Arg residues surround
the proposed Mg21 binding site: one (Arg-150) from the around the proposed active site is particularly negative
in charge (Figure 6).same monomer and the other (Arg-114) from the adja-
cent monomer. Both are about 8 A˚ from the proposed
binding site of the divalent cation. The orientation of the The Dimer Interface
The majority of the interactions between the two mono-guanidinium group, in both cases, is fixed by hydrogen
bonds or salt bridges. It is possible that one of them mers in the dimer interface are hydrophobic. Although
the residues involved in the hydrophobic interactionshas a role in stabilizing the phosphate group of the
substrate. The third conserved Arg (Arg-37) is in the (E. coli residues Ile-65, Met-83, Val-84, Phe-95, Val-97,
and Phe-138) are not strictly conserved, they are alwaysdisordered loop. Phosphate recognition could be medi-
ated by the side chains of Thr-107 and/or Thr-154, which hydrophobic among the DS enzymes from different spe-
cies. Three residues that form electrostatic interactionsare in the vicinity of the cluster of acidic residues, but
likely not by Ser-110 whose side chain is occupied in H between the monomers are strictly conserved (Table 3).
They are Thr-107, which forms a water-mediated H bondbond formation in stabilizing an a helix. Although we
have no structural information for the conserved Arg- to the Glu-40 of the adjacent monomer; Arg-114, which
has hydrogen bonding interactions with the main chain37 and Glu-38 residues that reside within the disordered
loop, their proximity in the amino acid sequence to Glu- carbonyl of Ser-63 and Gly-64 of the adjacent monomer;
and His-136, which forms a water-mediated H bond to40 and Asp-42 of the cluster of acidic residues suggests
that they have roles in catalysis or substrate recognition. Glu-174 of the adjacent monomer. The three conserved
Dihydroxybutanone Phosphate Synthase
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Table 3. Proposed Roles of Conserved Amino Acid Residues in DS
Location Proposed Role
Asp33 b-strand termination, immediately before the disordered Catalysis.
loop.
Arg37 In the disordered loop and near the cluster of acidic Catalysis. Guanidinium group is a potential ligand for the
residues. phosphate group of DHBP.
Glu38 In the disordered loop and near the cluster of acidic Catalysis. Carboxylate is a potential ligand for Mg21.
residues.
Glu40 b-strand initiation. First residue after the disordered loop. Catalysis. Carboxylate is a potential ligand for Mg21.
In the cluster of acidic residues.
Asp42 b-strand. In the cluster of acidic residues. Catalysis. Carboxylate is a potential ligand for Mg21.
Gly64 Reverse turn at the beginning of a cross over. In the dimer Structure. Packing requirement. No room for a Cb atom. Main-
interface. chain `, c dihedral angles are 838, 278, a sterically strained
conformation for a Cb containing residue.
Cys67 b-strand. The thio group is partially buried about 6 A˚ from Catalysis. Thiol is a potential general acid/base.
the cluster of acidic residues.
Thr107 Turn at the N-terminal region of a crossover near the dimer Catalysis. Hydroxyl group is a potential ligand for the
interface. OG1 forms a water-mediated H bond to the phosphate group of DHBP.
side chain of Glu40 in the adjacent monomer.
Gly108 Turn at the N-terminal region of a crossover. Structure. Packing requirement. No room for a Cb atom.
`, c 5 868, 2158, a sterically strained conformation for
a non-glycine residue.
Ser110 a helix initiation in the dimer interface. Structure. OG forms a H bond to Asn113 to make the first turn of
the helix. Not enough space to accommodate a larger residue.
Ala111 In a helix at the dimer interface. Structure. Packing requirement. One H bond (donates H from
N to O of Gly180) and one van der Waals contact with the
adjacent monomer. No room for a larger residue.
Arg114 a helix in the dimer interface about 8 A˚ away from the Catalysis. Guanidinium group is a potential ligand for the
cluster of acidic residues in the adjacent monomer. Side phosphate group of DHBP.
chain H bonds to the main chain carbonyls of Ser63 and
Gly64 of the adjacent monomer.
Pro134 At the cross of the a loop between b5 and b6 in the dimer Structure. Makes van der Waals contacts with the adjacent
interface. monomer. the cis peptide bond is required for making the
cross of the a loop.
Gly135 C terminal end of the a loop. Structure. Packing requirement. No room for a Cb atom.
His136 b-strand initiation close to the cluster of acidic residues Catalysis. Imidazole is a potential general acid/base.
of the adjacent monomer. Forms a water-mediated
H-bond to Glu174 of the adjacent monomer.
Gly146 Turn at the beginning of the 310 helix V2 loop Structure. `, c 5 608, 21468, a sterically strained conformation
for a non-glycine residue.
Arg150 In the middle of the turn between the 310 helix and the a Catalysis. Guanidinium group is a potential ligand for the
helix in the V2 loop. The side chain points toward the phosphate group of DHBP
cluster of acidic residues about 8 A˚ away.
Gly152 The residue right before the a helix in the V2 loop Structure. Packing requirement. No room for a Cb atom.
His153 The N-terminal residue of the a helix in the V2 loop. In the Catalysis. Imidazole is a potential general acid/base.
middle of the cluster of acidic residues, within van der
Waals contact.
Thr154 In the a helix in the V2 loop. OG1 is exposed and about Catalysis. Hydroxyl group is a potential ligand for the
8 A˚ from the cluster of acidic residues. phosphate group of DHBP.
Glu155 In the a helix in the V2 loop. Forms a salt bridge to Arg150. Catalysis. Salt bridge may serve to stabilize the Arg150 side
chain for substrate recognition.
Glu174 b-strand. Part of the cluster of acidic residues. Catalysis. Carboxylate is a potential ligand for Mg21.
Conserved residues were determined from the identical residues in the sequence alignments of DS proteins from 19 species: Aquifex aeolicus,
Bacillus subtilis, Campylobacter jejuni, Chlamydia muridarum, Chlamydia pneumoniae, Chlamydia trachomatis, Deinococcus radiodurans,
Escherichia coli, Haemophilus influenzae, Helicobactor pylori, Magnapothe grisea, Mycobacterium tuberculosis, Neisseria meningitidis, Photo-
bacterium leiognathi, Saccharomyces cerevisiae, Schizosaccharomyces pombe, Synechocystis sp., Thermotoga maritima, and Vibrio harveyi.
residues are in the vicinity of the proposed Mg21 binding enzymes that mediate the biosynthesis of riboflavin are
site and two of them, Thr-107 and His-136, have side interesting in themselves because of the chemically di-
chain-interactions with the cluster of acidic residues. verse and, in some cases, chemically difficult reactions
As described above, it is likely that the dimer interface catalyzed. The reactions promoted by DS serve as an
contains a part of the active site (residues Thr-107, Arg- example of chemically diverse and difficult reactions
117, His-136, and Glu-174). within a single biosynthetic step. It is no wonder that
DS activity is rate limiting for the production of riboflavin
under certain conditions [9]. DS has a relatively low valueBiological Implications
for kcat (,0.1 s21) among enzymes, thus underscoringThe enzyme cofactors derived from riboflavin have long
the difficulty of the chemical reactions mediated by thebeen of considerable interest to chemists and biochem-
ists in understanding their diverse catalytic roles. The catalyst.
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Figure 4. Stereo View of the Residues Con-
served among DS Enzymes from 19 Species
The orientation of the DS monomer is the
same as that of molecule A in Figure 3a. The
figure was generated using RIBBONS [38].
condition 1. Prior to data collection the crystals were briefly washedEven though the active site of DS is not fully defined
in a solution containing 6.8 M sodium formate and 5% glycerol inby this work, the structure will likely lead the way to
50 mM HEPES-NaOH (pH 7.0).determinations of structures of the enzyme complexed
with active-site ligands including its divalent metal co-
Data Collection, Structure Determination, and Refinementfactor. NMR analysis of the protein is underway [8].
Data on the gold derivative were collected at the DND CAT of the
Ultimately, there will be sufficient structural and bio- Advanced Photon Source using a 135 mm MAR CCD camera at a
chemical information to formulate a detailed mechanism distance of 80 mm with 18 oscillations and an exposure time of 8 s.
for catalysis of this mechanistically interesting enzyme. Crystals were mounted on nylon loops with the diameter of 0.2–0.3
mm and directly frozen in the –1808C cold stream. A five-wavelengthApplied efforts may use the structural information for
MAD data set was collected using an inverted beam geometry atthe design of new catalysts having altered substrate
wavelengths selected on the basis of an Au fluorescence scan.specificities and inhibitors of DS function in pests such
Continuous frames (105) were collected in a single pass for each
as weeds and pathogens of humans, animals, and crops. Bijvoet pair at each wavelength. The high resolution, native data set
was collected at a single wavelength in the same manner, but with
Experimental Procedures the longer exposure time of 15 s. The gold-derivative and native
data sets were processed with DENZO/SCALEPACK [31].
Crystallization The structure was solved by using the MAD method [32]. The
PCR amplification of the E. coli DS gene, ligation into pET24d (1), positions of the two gold atoms were obtained by Bijvoet difference
production of the protein in E. coli, and purification of highly catalyti- direct methods (SHELX97) [33]. The phasing was solved using
cally-active DS are described [30]. DS was crystallized at room SHARP [34]. To save computation time, the resolution of the data
temperature from hanging drops using the vapor diffusion method. was limited to 2.4 A˚ for the phase determination. The resulting
Crystals appear in 4 to 5 days from a protein solution containing 24 phases were used to generate an initial map which was sharpened
mg/ml DS in 50 mM Tris-HCl pH 7.5, and a precipitating well solution by using a solvent flattening program [35]. The initial models were
containing 3 M CsCl, 3 M Cs(formate), 20 mM Bis-Tris-propane- constructed on a Silicon Graphics system using the program O [36].
NaOH (pH 6.9) (condition 1) or 6 M sodium formate, 25 mM HEPES- The gold-derivative and native structures were refined at 1.55 A˚ and
NaOH (pH 7.0) (condition 2). The optimum protein to well ratio in 1.4 A˚ resolution, respectively, using the program TNT [37]. The final
the drop was 2.2 ml protein to 0.7 ml well solution. The crystal used for model of the high resolution, native structure contains 205 residues
collecting MAD data was obtained from condition 2. It was soaked in one monomer (molecule A), 209 residues in the other (molecule
overnight with 1.5 mM Au(CN)2 in the crystallization solution. The B), four Cs atoms and 437 water molecules. None of the Cs atoms
crystal used for collecting the native data set was obtained from
Figure 6. Solvent Contact Surface Representation of the DS Dimer
in Its Standard Orientation
The surface is colored based on the electrostatic potential (blue is
Figure 5. The DS Active Site positive and red is negative). The arrow points to the proposed
active site region. The electrostatic potential was calculated andThe color code of each monomer is the same as in Figure 3a. The
figure was generated using RIBBONS [38]. the figure was generated using MOLMOL [39].
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Figure 7. Stereo View of the Final 2Fo2Fc
Electron Density Map of the Native DS in the
Region around Residue 134, a cis Proline,
Contoured at 1s
The figure was generated using RIBBONS
[38].
in the native structure bind to the cluster of acidic residues. In the synthase, using 2H, 13C, and 15N-labeling. Eur. J. Biochem. 261,
57–65.derivative structure, one gold atom binds to the side chain of Cys-
188 in molecule A and the other gold atom is located 3.9 A˚ from 9. Hu¨mbelin, M., et al., and Van Loon, A.P.G.M. (1999). GTP cyclo-
hydrolase II and 3,4-dihydroxy-2-butanone 4-phosphate syn-the ND1 of His195 in molecule B and is surrounded by three water
molecules and Leu-57 (B) and Leu-5 (B) of the adjacent, symmetry- thase are rate-limiting enzymes in riboflavin synthesis of an
industrial Bacillus subtilis strain used for riboflavin production.related molecule. The crystallographic statistics are listed in Tables
1 and 2. Figure 7 shows a representative electron density map of J. Ind. Microbiol. Biotechnol. 22, 1–7.
10. Kis, K., Volk, R., and Bacher, A. (1995). Biosynthesis of riboflavin.the native DS at 1.4 A˚ resolution.
Studies on the reaction mechanism of 6,7-dimethyl-8-ribityllu-
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